To address public concerns regarding radon risk and variations in risk estimates based on various risk models available in the literature, lifetime lung cancer risks were calculated with five well-known risk models using more recent Canadian vital statistics (5-year averages from 2008 to 2012). Variations in population risk estimation among various models were assessed. The results showed that the Canadian population risk of radon induced lung cancer can vary from 5.0 to 17% for men and 5.1 to 18% for women based on different radon risk models. Averaged over the estimates from various risk models with better radon dosimetry, 13% of lung cancer deaths among Canadian males and 14% of lung cancer deaths among Canadian females were attributable to long-term indoor radon exposure.
INTRODUCTION
Epidemiological studies have confirmed that exposure to radon in workplaces and in homes increase the risk of developing lung cancer. Among the public, exposure to indoor radon has been determined to be the second leading cause of lung cancer after tobacco smoking (1, 2) . Using the risk model developed by the US Environmental Protection Agency (EPA), a reasonable average of the estimates from the two BEIR VI preferred models resulting from the joint analysis of 11 cohort studies of radon exposed miners, subsequently called the EPA/BEIR-VI risk model (3, 4) , Canadian individual risks of radon induced lung cancer were calculated for exposure at various radon concentrations (5) . With these calculated lifetime risks and the radon distribution obtained from a recent cross-Canada radon survey in about 14 000 homes (6) , the Canadian population risk for radon induced lung cancer was assessed (7) . The assessment was based on the EPA/BEIR-VI risk model with the Canadian age-specific rates for overall and lung cancer mortalities (1996) (1997) (1998) (1999) (2000) . It showed that 16% of lung cancer deaths among Canadians were attributable to indoor radon exposure.
To address public concerns regarding radon risk and variations in risk estimates based on various risk models available in the literature, lifetime lung cancer risks were calculated with five well-known risk models using more recent Canadian vital statistics. Variations in population risk estimation among various models are presented and discussed. (8) , the attributable risk (AR) of lung cancer due to ionizing radiation is defined as the proportion of lung-cancer deaths attributable to radon progeny exposure. This risk indicates the proportion of lung cancer deaths that theoretically could be prevented by reducing indoor radon concentrations to outdoor levels. Given the exposure-response relationship for radon and lung cancer risk, the distribution of indoor radon concentrations, and the mortality rates of lung cancers and all cases, the AR can be estimated:
METHODS

Following Lubin and Boice
where f(C) is the probability density of radon concentration, RR(C) is the lifetime relative risk of lung cancer for a lifetime exposure to radon at a constant concentration of C in the presence of competing risks, i.e. the ratio of lifetime lung cancer risk for exposure rate C to lifetime lung cancer risk for 'zero' exposure. The proportions of Canadian homes with different ranges of radon concentration, i.e. the distribution function, are based on the recent radon survey carried out in roughly 14 000 homes in 121 health regions across Canada (6) . The observed radon concentrations follow a log-normal distribution with a geometric mean (GM) of 41.9 Bq m −3 and a geometric standard deviation (GSD) of 2.8. A later radon and thoron survey in 33 Canadian cities (9) confirmed the radon distribution observed in 14 000 homes.
The formulae for the calculation of lifetime risk of lung cancer are described in the BEIR IV report (10) . In summary, the lifetime risk of lung cancer is given by the sum of the risks of lung cancer death for each year, i: where, R e is the lifetime risk of lung-cancer for a given exposure; h i and h i * are the lung-cancer and overall mortality rates for age, i, respectively, and e i is the excess relative risk due to exposure to radon and its progeny for age, i. The lifetime probability of lung cancer mortality is then the summation over years i from 1 to 110. A lifespan of 110 years is assumed. Lifetime relative risk is defined as RR(C) = R e /R 0 , where, R 0 is the baseline risk, the lifetime risk of lung cancer when exposed to a background radon level, namely the outdoor radon level. The lifetime relative risk describes the proportional increment in lung-cancer risk posed by indoor radon exposure beyond the background level of exposures from outdoor air.
As shown in equation (2), the computation of lifetime risks depends on the choice of the background age-specific lung-cancer and overall (all causes) mortality rates. This study uses the most recent Canadian age-specific mortality rates (11) averaged over five years from 2008 to 2012, as given in Table A1 in the appendix.
In this study, lifetime lung cancer risks associated with indoor radon exposure were calculated with five well-known risk models available in the literature. In addition to the EPA/BEIR-VI risk model used in previous calculations, radon risk models considered in this study are:
• The joint analysis of three European cohorts of uranium miners in the Czech Republic, France and Germany (subsequently called the European Miners risk model) (12) ; • the pooled analysis of seven North American residential studies (subsequently called the North American Residential Pooling risk model) (13) ; • the pooled analysis of 13 European residential radon studies (subsequently called the European Residential Pooling risk model) (14) ; and • the joint analysis of two Chinese residential studies (subsequently called the Chinese Residential Pooling risk model) (15) .
Short descriptions of individual risk models are given in the Appendix. In this study, modified risk models with restricted data and improved assessment on radon exposure were also considered. In total, eight risk models were considered, two models from pooling studies in mines, three models from pooling studies on residential homes, and each of these residential pooling studies with a risk model of better defined radon dosimetry.
RESULTS AND DISCUSSION
Based on Canadian age-specific lung-cancer and overall (all causes) mortality rates averaged over five years from 2008 to 2012, the baseline lung cancer risks, R 0 , are 0.0754 and 0.0574 for males and females, respectively. Compared to the baseline lung cancer risks estimated based on mortality rates averaged from 1996 to 2000, the baseline lung cancer risk decreased from 0.0806 to 0.0754 for men while the risk increased from 0.0469 to 0.0574 for women in the past decade.
For lifetime exposures at different radon levels, lifetime relative risks of radon induced lung cancer were calculated with two miners' risk models and three residential risk models (each with two sets of risk analyses; all data and a restricted dataset which uses better defined dosimetry). Summary results for males and females are presented in Figure 1 upper and lower panels, respectively. The results are the lifetime risks for a general population without adjustment for the effect of smoking.
In epidemiological studies on radon risk, exposure assessment is very important. Its accuracy directly affects the outcome of risk estimates. Radon dosimetry is especially challenging in residential radon studies where, e.g. differences by type of respondent may be related to accuracy of the information used for adjustment and for residential histories, with greater uncertainty from next-of-kin respondents. The most accurate dosimetry likely occurs for individuals with complete dosimetry coverage and having lived in only one or two homes during the exposure time window designed for the studies. In the three pooled residential radon analyses, restrictions on the data with improved exposure assessment increased the estimates of excess risk. The excess risk based on restricted data of better dosimetry is more than 50% higher in the North American pooled analysis, a factor of 2 higher in the European pooled analysis, and a factor of more than 2.3 higher in the Chinese pooled analysis. We can see in Figure 1 , the model based on the combined analysis of European residential radon studies with measured radon concentrations provided the lowest risk estimates for both males and females. The highest estimates were given by the Chinese Pooling risk model with complete dosimetry.
With these updated lifetime relative risks, the AR of lung cancer due to radon exposure was calculated for various risk models. Results are summarized in Table 1 .
The EPA/BEIR-VI risk model was applied to assess the AR of lung cancer in previous publication (7) where Canadian vital statistics from 1996 to 64 2000 were used. Compared to the vital statistics averaged over 5-year period from 1996 to 2000, both overall and lung cancer mortality rates have generally reduced rather significantly in recent decade, except the lung cancer mortality rates among women aged 65 and above. Therefore, the ARs assessed with the EPA/BEIR-VI model were slightly lower than the previous estimate of 16% for both men and women.
Since lifetime relative risks vary widely from one risk model to the other, the ARs also vary significantly for different risk models used in the assessment. The results showed that the Canadian population risk of radon induced lung cancer can vary from 5.0 to 17% for men and 5.1 to 18% for women based on the radon risk models in consideration. Averaged over all risk models and sub-models with restricted data, 11% of lung cancer deaths among Canadians were attributable to indoor radon exposure. If only considering residential risk models with improved dosimetry, on average, 13% of lung cancer deaths among Canadian males and 14% of lung cancer deaths among Canadian females were attributable to long-term indoor radon exposure.
CONCLUSIONS
With the most recent Canadian age-specific overall and lung cancer mortality rates, lifetime lung cancer risks were recalculated with well-known risk models in the literature. With more accurate radon distribution among Canadian homes determined in recent surveys and updated lifetime relative risks, ARs of lung cancer due to indoor radon exposure were assessed. The ARs vary significantly for different risk models used in the assessment. Based on the radon risk models under consideration, the Canadian population risk of radon induced lung cancer can vary from 5.0 to 17% for men and 5.1 to 18% for women. The results showed that, averaged over the estimates from the various risk models with better radon dosimetry, 13% of lung cancer deaths among Canadian males and 14% of lung cancer deaths among Canadian females were attributable to long-term indoor radon exposure. Because of rather large variations in predicted risk using different risk models, the communication of risk to the public is challenging. For many people, the risk predicted by models is often viewed as a 'theoretical' or 'hypothetical' risk which may not be real. The aim of this article is to make clear that various models are mathematical descriptions of epidemiologically observed real risks in different environmental settings, such as in mines and in residential homes. The risk is real and it is perfectly normal that large variations exist for observed outcomes in different environmental settings where some environmental parameters are unknown or not well known. To improve the accuracy of risk estimation/prediction, more research is needed to not only fill knowledge and data gaps but also to elaborate technical details in risk assessment. This takes time, and hence, variations in risk prediction will be seen for a long time. While living with such large variations, we should always remember the fact that longterm exposure to elevated radon concentrations increases the risk of developing lung cancer. The EPA/BEIR-VI radon risk model (4) is a scaled version of the BEIR VI exposure-age-concentration model for use in residential exposures. It yields the geometric mean of the results from the two BEIR VI preferred models resulting from the joint analysis of 11 cohort studies of radon exposed miners (3) . In summary, the mathematical form of the EPA/BEIR-VI model for the excess relative risk (ERR) is given as follows: where a is age in years. The parameter β ( = 0.0634) represents the increase of risk per unit exposure, expressed as excess relative risk per Working Level Month (WLM). For a given radon concentration, the cumulative exposure, W (expressed in WLM), can be calculated as the weighted summation of three time-since-exposure windows, namely W 5-14 the exposure incurred between 5 and 14 y before age a; W 15-24 the exposure incurred between 15 and 24 y before age a; and W 25+ the exposure incurred 25 y or more before age a. Exposure in the last 5 y is not biologically relevant to cancer risk. In order to avoid biologically implausible discontinuities, the continuous function of φ ( ) a given by the EPA was used in the risk calculations instead of the step function determined in the BEIR VI report as φ ( ) = a 1 for a < 55, 0.57 for 55 ≤ a ≤ 64, 0.29 for 65 ≤ a ≤74 and 0.09 for a ≥ 75.
The European Miner radon risk model:
A joint analysis of cohort studies of uranium miners in the Czech Republic, France and Germany was conducted under the EC-supported Alpha-Risk project (12) . The analysis reported a strong modifying effect on the ERR of time since exposure, attained age and exposure rate, in agreement with the BEIR VI analysis. The BEIR VI preferred exposure-ageconcentration model was fitted to the European nested miner case-control data using the same parameterization as used by BEIR VI. However, the European cohort analysis allows for five attained age categories and different time since exposure windows. The combined analysis of the seven North American case-control studies of residential radon and lung cancer focused on the exposure time window (ETW) 5-30 y prior to the index date (the date of diagnosis for cases, and the date of interview for controls) (13) , the period identified by the National Research Council (3) as being most relevant for lung cancer risk. The restriction of radon exposure assessment to this period presumed that neither radon exposure within 5 y of lung cancer occurrence nor 30 y or more prior to the index date contributes to lung cancer risk. The joint analysis of seven North American case control studies of residential radon and lung cancer focused on the mean radon concentration, C (expressed in Bq m −3 ), in homes occupied during the period 5-30 y prior to the index date. The analysis defined a simple linear model between residential radon exposure and lung cancer: The joint analysis of 13 case control studies of residential radon and lung cancer in nine European countries focused on the mean radon concentration, C (expressed in Bq m −3 ), in homes occupied during the period 5-34 y prior to diagnosis of lung cancer (14) . The analysis showed no evidence of the ERR differing according to age and defined a simple linear model between residential radon exposure and lung cancer:
where W 5-34 is the cumulative exposure expressed in WLM and β the risk increase per WLM. With the same conversion given above, 30 y' exposure (ETW of 5-34 y) in a home with an average radon concentration of 100 Bqm −3 equates to a cumulative exposure of 13.2 WLM. Thus, the risk increases per WLM are β = 0.16/13.2 = 0.012 and β = 0.08/13.2 = 0.006 for long-term average radon (i.e. adjusted for year-to-year random variability in indoor radon concentration) and measured radon concentration, respectively.
The Chinese Residential Pooling radon risk model:
The joint analysis of two case control studies among Chinese populations (15) assumed the diseaserelevant exposure time window of 5-30 y prior to disease incidence for cases or interview for controls, and assessed exposure within this period. For the pooled data, the excess odds ratio (EOR) at 100 Bq m −3 was 0.133. Restricting data to the subjects with complete dosimetry coverage and who lived in only one home in the ETW, increased the estimated EOR from 0.133 to 0.315. The analysis found similar EORs for non-smokers and smokers, and showed no significant variation of effects of attained age. These patterns differed from those in miner studies where exposure-response trends were significantly lower among smokers and at older ages at diagnosis. Similar to other residential radon pooling analyses in Europe and North America, the Chinese pooling analysis also defined a simple linear model between residential radon exposure and lung cancer: equates to a cumulative exposure of 11.4 WLM. Thus, the risk coefficient 0.133 per 100 Bq m −3 from the joint Chinese residential analysis corresponds to β = 0.133/11.4 = 0.012 per WLM. For the subset of data with complete dosimetry coverage, the risk coefficient equals to β = 0.315/11.4 = 0.028 per WLM. Table A1 . All causes and lung cancer annual mortality rates per 100 000 by sex for the Canadian population, averaged over 5-year period from 2008 to 2012 (11) . 
